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ABSTRACT

Flight test demonstrating safe separation of stores from aircraft has gained greater
importance since World War II. With the expansion of aircraft flight envelopes, the
impact of the aircraft flow field on store separation has also expanded. At best the
store fell away from the aircraft; at worst it could tumble or hit the aircraft causing
significant structural damage. Early safe separation flight test programs took a simple
approach, starting slow and in straight and level flight and then in small increments,
building up to supersonic straight path dives. Unfortunately, this approach required a
great deal of stores as well as numerous flights. As the cost of operating test aircraft
and weapons has increased, this approach has become increasingly expensive.

Wind tunnels have been used with great success since the dawn of aviation as a tool
to engineer new concepts in aerodynamics. Once only the domain for flow
visualization of airfoils, they have matured into a system that can test high angles of
attack at full scale to small scale hypersonic flow. From this growth has emerged the
capability to model the flow field around an aircraft and predict the separation
characteristics of weapons from the aircraft. By using the wind tunnel to find the
worst-case separation characteristics, flight test engineers could reduce the build up
necessary and the number of flights required. This was seemingly the answer to the
need of program managers as the way to reduce risk and cost.
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This thesis examined the results of two modern safe separation programs, the Mk-82
Joint Direct Attack Munition (JDAM) and the GBU-24B/B Low Level Laser Guided
Bomb, for the technical and cost impact of the wind tunnel. This examination has
shown that the realities of flight test and the limitations of wind tunnel predictions
have combined to reduce the wind tunnel effectiveness in providing a cost savings to
safe separation programs. For the JDAM, the wind tunnel was able to significantly
reduce the number of flights required to demonstrate safe separation, but weapon
umbilical failures required more flights to be added back into the program. The GBU24B/B on the U.S. Navy’s new Super Hornet aircraft is in jeopardy of failing to meet
fleet operational requirements as a result of waiting for wind tunnel data. In contrast,
the GBU-24B/B program conducted on the older Hornet was completed without the
wind tunnel in significantly less time and cost.

Program managers and engineers must weigh the benefits of having wind tunnel data
with the risks that come with the wind tunnel. In some cases, the wind tunnel may
come at a higher a price and require more time than a conventional flight test program
without wind tunnel predictions.
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PREFACE

A portion of the information contained within this thesis was obtained during three
Naval Air Systems Command sponsored programs; one in conjunction with the
Boeing Company. References to F/A-18 Joint Direct Attack Munition and GBU24B/B safe separation issues were obtained during actual test flights performed at the
Naval Air Warfare Center Aircraft Division at Patuxent River Maryland. The
research, results and conclusions, and recommendations presented are the opinion of
the author and should not be construed as an official position of the United States
Department of Defense, the United States Navy, the Naval Air Systems Command or
the Boeing Corporation.
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CHAPTER 1: INTRODUCTION

SAFE SEPARATION FLIGHT TESTING
Flight test to measure the separation of external stores (e.g. bombs) came about as a
result of the shift in aircraft design and the dramatic increase in flight envelope in the
years following World War II. In the beginning, bombs had usually been carried
internally in a bomb bay and then released, such as with the B-17 Flying Fortress.
With the advent of nuclear weapons, bomber type aircraft took on the strategic
bombing role providing the long-range nuclear strike capability for the United States.
With the focus turning to strategic strike, he capability to conduct close air support
and interdiction missions was lost. To fill this role, aircraft designers began to equip
fighter type aircraft with provisions for externally mounted bombs, which were
typically mounted on wing or fuselage mounted pylons. What ten years before wo uld
have been a purely fighter aircraft, such as the F-100 Super Sabre or F-4 Phantom II,
could now be called the earliest strike- fighter capable of flying an air-to-air mission
followed by an air-to- ground mission. This shift in traditional aircraft roles combined
with the maturing of jet propulsion and high-speed aerodynamic designs enlarged
aircraft flight envelopes into the transonic and ultimately supersonic regions, where
previous aircraft had been limited to subsonic speeds.

The movement from internally to externally mounted weapons and stores combined
with the expanded flight envelopes of tactical aircraft introduced a completely new
set of dynamics on stores release. Supersonic flows around the wing and fuselage
resulted in shock waves and high dynamic pressures that created havoc on bombs and
1

missiles designed for relatively benign, subsonic flow fields. Since most weapons still
in the U.S. inventory at the time were left over from World War II, they were not
designed to survive and remain stable in this new dynamic environment.
Additionally, the high-speed flow around the aircraft, such as between a wing pylon
and the fuselage, created suction effects that overcame gravitational forces that had
previously been the primary means of separating stores from the aircraft. These forces
not only resulted in poor weapon performance, since the ballistic trajectory of
weapons no longer became predictable, they also resulted in the extreme hazard of a
bomb flying along side on the releasing aircraft. Since bomb fuzing typically used a
time delay from release, if a bomb were sucked in for even for a few seconds, it could
allow the fuze to arm close enough to the aircraft that a detonation could damage the
aircraft, or worse.

While weapon design changes improved store stability, the effects of the aircraft flow
field changed with each new aircraft design. Thus it became the variable in the safe
separation equation. To ensure that aircrew could safely release their weapons
throughout the flight envelope, safe separation tests were born. In the early days, safe
separation testing was a slow iterative process, starting at slow airspeeds in straight
and level flight, and then building up to steep, supersonic dives. Since techniques to
examine the aircraft flow field beyond the first few inches of the fuselage or wing had
yet to be perfected, the overall impact on a weapon’s trajectory due to the flow field
was impossible to predict with a great deal of certainty. Flight test was the only way
to truly quantify a weapon’s path away from an aircraft. This introduced a great deal
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of risk to flight testers since an unstable store, even a small 500 pound one, caught in
a turbulent flow field could easily cause severe structural damage to an aircraft. This
could not only result in significant repair downtime after a mission, it could
ultimately result in loss of the aircraft if a critical component was destroyed.

Over the years, this iterative method of flight test became increasingly more costly in
terms of aircraft, test assets and lives. In an attempt to better predict stores separation
characteristics several methods have been developed as tools for flight test engineers.
One of these tools is the wind tunnel. Wind tunnel predictions of a store’s separation
characteristics can significantly reduce risks by giving flight test engineer’s a peek
into how the store will behave in the aircraft flow field. By knowing where worstcase conditions may exist, the build up in flight conditions could be reduced, and with
it the number of actual flight tests required.

For the program managers and test engineers charged with getting new aircraft and
new weapons to the front line, there is pressure to get “more bang for the buck”; more
capability with fewer dollars. In the fiscal environment of today, cost, schedule and
performance have become a program’s measure of success. While the wind tunnel
has appeal to program managers for reducing the costs of a flight test program, it does
not come without its own set of costs and limitations. Both engineers and program
managers should examine the benefits and risks that the wind tunnel brings, with the
overall goal in mind of getting weapons to the fleet better, faster and cheaper.
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CHAPTER 2: BACKGROUND

SAFE SEPARATION FLIGHT TEST PROCESS
Store integration programs can typically be divided in two categories, integration of a
new weapon on an existing aircraft or integrating a new aircraft with a weapon
already in the inventory. Each comes with its own set of concerns for the flight test
engineer. In the case of a new weapon on an existing aircraft, there may be
experience with the separation tendencies and characteristics of that aircraft thereby
giving insight into where the new store may have the worst separation characteristics.
For examp le, stores released from the F/A-18 Hornet tend to have the greatest
instability in the transonic region between 0.92 and 1.0 Mach number. Or, if the new
weapon has a similar shape and mass properties to a previously tested store, analogy
may be used to predict the behavior. For a new aircraft on the other hand, there is no
history to predict what the characteristics of the aircraft may be. The only information
that may be available is how the store behaved on other aircraft. However, with
aircraft design characteristics being very different based on the mission of the
individual aircraft this information has only limited value. In either case, a flight test
program is required to demonstrate safe separation and employment from the aircraft.

The Air Vehicle/Stores Compatibility (AVSC) Division at the Naval Air Warfare
Center Aircraft Division in Patuxent River, Maryland is charged with the safe
conduct of store integration flight test for the U.S. Navy. AVSC, in concert with the
Naval Air Systems Command (NAVAIRSYSCOM) flight clearance organization,
work together to develop a store certification test plan that will demonstrate that a
4

weapon/aircraft combination is suitable and safe for operational use on the aircraft.
The heart of a safe separation test plan is the test matrix that contains the aircraft/store
configurations and the flight conditions that need to be demonstrated. A key step in
the flight test matrix development process is research. As suggested in the previous
paragraph, a thorough review of results from previous testing that may have
similarities to a new store or aircraft is always conducted. In addition, aerodynamics
combined with the equations of motions can examined to estimate the store’s
behavior. When available, the wind tunnel may provide indications of where the
worst “points in the sky” for store separation exist. These pieces come together
resulting in a test matrix that will adequately demonstrate the desired release envelope
of the store effectively and safely. With a refined matrix, the flight test engineer must
then develop the method of test to fly the matrix and determine the data required that
will support a flight clearance for the fleet. For safe separation, critical data can be
qualitative or quantitative and may come from both the aircraft and the store.

AIRCRAFT PARAMETERS
The parameters and their unit of measure that are required from the aircraft to define
the release conditions are shown in Table 1. Aircraft data can come from two sources:
the pilot’s flight instruments or onboard instrumentation. Along with airspeed and
Mach number, normal acceleration (Nz) is most critical. Figure 1 illustrates how Nz
is the component of gravity perpendicular to the aircraft flight path angle, such as
during a straight path dive. Nz combined with any ejection force from the rack will
dictate how long the store remains under the influence of the aircraft flow field and
similarly the spacing between bombs in a multiple release. Release interval between
5

stores also plays an important factor when evaluating spacing between stores in a
multiple release.

STORE PARAMETERS
Table 2 lists the critical parameters for a separating store. As one would expect, the
primary parameters represent the six degrees of freedom (6DoF) a store has. In
addition, the miss distance to adjacent stores or the aircraft itself, whether it be
derived from photogrammetrics or a 6DoF model, is critical.

Table 1
CRITICAL AIRCRAFT PARAMETERS
Parameter
Airspeed
Mach No.
Normal Acceleration (Nz)
Dive Angle
Release Interval

Unit of Measure
KIAS
IMN
degrees
milliseconds

.

Nz
Ng
Figure 1
GRAVITATIONAL FORCE DURING STRAIGHT PATH DIVES
Source: USNTPS FTM-109, Systems Testing
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STORE MASS PROPERTIES
Another critical piece of store data is the store’s mass properties, measurement of
which is a critical pre-test requirement. The store’s weight, center of gravity position,
and roll, pitch and yaw moments are measured and documented. The purpose of this
data is two-fold. First, since guidance systems and components are not required for
safe separation tests, representative models are typically used, saving cost and
hardware. Called Separation Test Vehicles (STVs), they have the same outer mold
line and mass properties as the real store, but have the electronic components replaced
with ballast. By measuring the mass properties of each STV, an engineer can ensure
that the model accurately recreates the mass properties of the actual store. Should the
mass properties be different, the separation characteristics could be significantly
altered from those of the real store. Secondly, if during release the store should
become unstable or not match the expected results, the data for an engineering
investigation into the store’s static and dynamic stability would be available for
analysis.1

Table 2
CRITICAL STORE PARAMETERS
Parameter
Roll, Pitch, Yaw
Nx, Ny, Nz
Miss Distance
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Unit of Measure
Deg
Inches

QUALITATIVE METHODS
Onboard High Speed Cameras
The most obvious way to determine the separation characteristics is through direct
observation, in this case with cameras mounted onboard the test aircraft. The highspeed cameras, which are typically run between 200 and 400 frames per second, are
mounted to the aircraft fuselage and wings wherever feasible to visually record the
separation. Figure 2 illustrates the camera configuration typically used on the F/A18A/B/C/D Hornet. However, special care must be taken whe n choosing the locations
of the cameras to ensure they do not alter the aircraft flow field and subsequently the
separation. After the film is processed, it can be reviewed and the separation
characteristics observed. A qualitative evaluation of the store’s roll, pitch and yaw,
trajectory and miss distance to adjacent stores can be made. One limitation of onboard
cameras is the limited field of view. Because of the mounting hardware required, the
cameras only have a ±10° up and down elevation which limits the distance below the
aircraft that store trajectory can be observed to only 10 to 15 feet (Figure 3). Special
mounting adapters can allow the depression angle to be set to 45°, however aiming
the camera in the correct position is more luck than skill.

Chase Aircraft Observation
A qualitative method that is able to overcome the problem of observing store
trajectory far below the aircraft is the addition of a chase aircraft. The chase aircraft is
in an ideal position to maneuver around the test aircraft to observe the entire
separation, allowing it
8

Camera

Figure 2
TYPICAL F/A-18 CAMERA CONFIGURATION
Source: Author

Figure 3
F/A-18 NOSE CAMERA FIELD OF VIEW
Source: Author
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to track stores as they fall away. The chase aircraft is typically a two-seat aircraft with
a pilot and photographer with a film/video system to record the separation. While not
able to observe the details up close to the aircraft, chase observation can provided
valuable film coverage in situations where bomb-to-bomb collisions may occur
(Figure 4). The collision shown in Figure 4 occurred below the onboard cameras field
of view and could have gone unnoticed without some sort of external observation.
The primary disadvantage of chase photography is the expense since the cost of
operating the chase aircraft must also be added to the program, effectively doubling
the aircraft component of the flight costs. Additionally, two aircraft must be
scheduled simultaneously (the test aircraft and the chase aircraft), stretching limited
assets further.

Figure 4
A BOMB-TO-BOMB COLLISION AS OBSERVED FROM A CHASE AIRCRAFT
Source: Mr. Randy Hepp, U.S. Navy
10

Ground Cameras
Ground cameras can also provide observation of separation characteristics. Store
separation testing is always conducted on a controlled range to ensure stores are not
inadvertently released on personnel or structures and to provide adequate airspace for
test maneuvers. On these ranges, high-speed ground cameras are typically positioned
at various locations to record the separation from the aircraft and to mark the point of
impact. Because of the slant ranges involved, close up views of the aircraft are
typically not possible. However as with chase observation, ground cameras can
provided excellent coverage when looking for bomb-to-bomb collisions (Figure 5).
An advantage of ground cameras is the different perspectives that can be obtained
from cameras located at different positions on the range, providing greater insight
into the path of the store. Additionally, ground cameras can be operated a much lower
costs than chase aircraft.

Figure 5
GROUND CAMERA COVERAGE OF A BOMB-TO-BOMB COLLISION
Source: Author
11

QUANTITATIVE METHODS
Photogrammetrics
Photogrammetrics or photo-g is a process by which two-dimensional motion (as
recorded by a camera) can be transformed into a three-dimensional model able to give
trajectory and rotational information. In this method, both the store being released
and the aircraft are targeted such as shown in Figure 6. Each target position is
surveyed with respect to the aircraft and the store’s coordinate system so each target’s
position is accurately kno wn. Onboard cameras are aimed so that both the store being
released and part of the aircraft's adjacent structure (such as the pylon) are visible on
the film. After the release, each frame of the onboard film is processed through a film
reader that tracks the visible targets on the store as they move with respect to the
aircraft’s targets. The equations of motion can then be solved. Accuracy of photo-g is
typically quoted at ± 1 inch and ± 2° of angular motion. While photo-g has proven to
be an excellent tool for determining separation characteristics, it does have one
significant limitation. Because photo- g relies on camera coverage, a mechanical
failure of the cameras can prove costly leaving only ground or chase coverage. A
more typical problem is condensation that can mask the camera and its view of the
store. Unfortunately, this is most common in the transonic region (which as
mentioned earlier, is typically the critical separation region) during the summer
months with the humid air.

12

Targets

Figure 6
PHOTOGRAMMETRIC TARGETS
Source: Author
Store Telemetry
Another quantitative method that is becoming more popular is onboard store
telemetry. In this method, the store is fitted with a six degree of freedom (6DoF)
package that is fitted with rate gyros and accelerometers that directly measure the
store response during release. Data is transmitted in real time to a ground receiving
station where it is recorded. The data can then be input into simulation software to
visually project the store trajectory during release. When using 6DoF packages, care
must be taken in designing the installation assembly in the store to ensure the mass
properties and outer mold line is not altered. Figure 7 shows a 6DoF package that
been installed and fitted with an aerodynamic fairing with the same shape as a
standard nose plug. The advantage of 6DoF is it provides a direct measurement of
store response and is not susceptible to the limitations of cameras, such as being
blocked by vapors. Until recently, the biggest disadvantage to 6DoF packages has
13

been the cost. Older generation 6DoF packages cost approximately $35,000 and since
they are typically destroyed on impact, they are not reusable. However improved
technology has reduced the size of the package as well reduce the cost to
approximately $18,000 making it a more affordable solution. 2

SAFE SEPARATION CRITERIA
With the data requirements and acquisition methods in mind, the criteria for
determining safe separation must also be defined. Safe separation is evaluated in three
primary areas: miss distance (to the aircraft or to adjacent stores), store stability and
arming wire/umbilical function, each of which are discussed below.

6DoF
Package

Figure 7
6DOF INSTALLATION IN A MK-82 JDAM SEPARATION TEST VEHICLE
Source: Author
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Miss Distance
According to MIL-HDBK-1763A Aircraft/Stores Compatibility Systems Engineering
Requirements and Test Procedures, a separating store must remain clear of the
aircraft, with “no portion of the item penetrates a predetermined interference
boundary of the aircraft including remaining suspension equipment and stores. The
interference boundary is defined as a 6-inch encapsulation of the aircraft (in the
immediate area where separation is occurring), the pylon, the ejection rack and any
adjacent stores”. 1 While the minimum 6- inch clearance is currently the recognized
standard for safe separation criteria engineering judgment must always be used as
final determination of acceptability.

Bomb-to-bomb collisions also fall under the miss distance criteria. As one would
expect a collision between two or more high explosive devices close to the aircraft
would be a very bad thing. Two distances must be evaluated when dealing with
bomb-to-bomb collisions - the distance between the two weapons and the distance
from the aircraft should a collision occur. When dealing with the first case, if the
weapons do not directly contact one another, the decision must be made whether
either weapon influenced the stability of the other or if the weapons entered the
detection range of a proximity fuze. For example, high drag weapons have been
found to “draft” behind one another as they fall, resulting in the trailing store hitting
the leading store from behind. For weapons fitted with contact initiated fuzes, this
impact could trigger detonation of the weapon. In the other case, the distance between
the aircraft and the collision must be evaluated. Collisions that occur outside of the
blast/fragmentation envelope of the weapons can be ignored for safe separation
15

purposes, however tactical concerns must be addressed since the collision would
likely result in the bombs falling off the intended target.
Store Stability
Another concern is store stability, however the purpose of the store will decide how
critical stability is in the context of safe separation. Take for example the stability
requirements between a fuel tank and a guided missile. When jettisoning fuel tanks,
they typically take an extreme pitch down motion that leaves them tumbling end over
end as they fall. However, the stability of the fuel tank is not a concern as long as the
other requirements of safe separation are met. On the other hand, in the case of a
guided weapon with a seeker head, the orientation/stability of the weapon is just as
critical as safe separation away from the aircraft. If a guided weapon were to have the
same pitch down characteristics as the fuel tank, the seeker would probably lose
“sight” of the intended target and then be usele ss.

Arming Wires/Umbilical Function
Another critical area of store separation testing is verification of arming wire or
umbilical function. Arming wires and umbilicals are the mechanisms that allow the
weapon to arm and allow transfer of target information between the aircraft and the
store. For both arming wires and umbilicals, onboard cameras are used to document
their performance. However, because of the zoom required to view these devices,
cameras used for this purpose cannot be used for photo- g analysis. For arming wires,
the desired performance is a straight pull with the arming pin removed before the
weak link to the aircraft breaks. In jettison tests where the weapon should remain
unarmed, the arming wire must fall freely from the ejector rack without getting
16

caught on the aircraft, which then may inadvertently arm the weapon. For umbilicals,
a clean disconnect from the weapon and no damage which would prevent the
umbilical’s reuse, is required. For today’s smart weapons umbilical disconnect has
grown more and more critical because of the manufacturing cost of these umbilicals.
The standard smart weapon umbilical in use today with the U.S. Navy costs
approximately $1,900 per unit.

THE BUSINESS OF FLIGHT TEST
If any statement could best describe flight test today it would be, “no bucks, no Buck
Rogers.” More often than not, programs are not a technical challenge, but a fiscal one.
While part of the growing cost is a result of today’s economy, much of if has to do
with the cost of military hardware. Depending on the source, the average F/A-18C
costs approximately $36.0 million in U.S. currency. That cost does not include the
operational costs such as fuel and ordnance without which there is no point in having
an F/A-18. Because of this reality, there is always pressure to do things “better, faster
and cheaper” and flight test is no exception. Table 3 summarizes the costs involved in
conducting a single safe separation flight test in fiscal year 2002. At over $50,000 per
flight, the cost of a flight test program grows quickly and as a result programs are
always looking for ways to cut cost without increasing risk.
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Table 3
WEAPON SEPARATION COSTS PER FLIGHT
Requirement

Cost

Range/Telemetry
Test Store Build-up/Prep

$13,400
$1,500

Instrumentation
Data Reduction

$20,125
$2,300

Flight Cost (F/A-18)
$18,000
Total:
$55,325
Source: F/A-18 Project Office

This brings to light the two forms of risk that make up a flight test program: physical
and fiscal. Physical risk is what one would expect when doing things for the first
time. Stores could prove to be unstable at release and then subsequently impact the
aircraft causing damage. In one instance, an F-14 was lost during a separation test
when the AIM-7 Sparrow air-to-air missile slid along the bottom of the fuselage,
cutting a fuel line. The resulting fire forced the crew to eject. While this is an extreme
example, there have been several store-to-aircraft collisions that have resulted in
significant damage to parts of the aircraft. The damage not only puts aircrew at risk,
but the cost of repair to the aircraft may be in the hundreds of thousands of dollars.

The fiscal risk, while certainly less dramatic, will kill a development program just as
easily. Depending on the nature of the store and the desired envelope, a test matrix
could quickly grow into thirty flights or more. At over $50,000 a flight, the total cost
of a program can easily be more than a million dollars in flight test costs alone.
Additionally, should a test flight be unsuccessful either due to an instrumentation
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failure or the store not being released at the desired test conditions, the flight will
often have to be repeated.
Program managers must continuously walk the line between adequate test to
successfully validate a new weapon for operational use and ensuring the costs to do
so are acceptable which often means a smaller test program. To mitigate both the
fiscal and physical risk, program mangers are turning to predictive tools, such as the
wind tunnel, to reduce the flight test matrix (fiscal risk) and ensure that the store
meets safe separation criteria (physical).

WIND TUNNEL TECHNOLOGY FOR WEAPON SEPARATION
Since the Wright Brothers, wind tunnels have been a valuable tool in development of
aviation technology. However, their usefulness is not limited only to the study of
airfoils and fuselage shapes, but can also provide insight into the complex problem of
store separation. There are basically four wind tunnel techniques used to predict store
separation characteristics that are in use today: Freedrop, Captive Trajectory System
(CTS), Grid, and Flow Angularity. These techniques are discussed below. 3

FREEDROP
The Freedrop method is the oldest of the wind tunnel methods and has the simplest
approach. Scale models of stores are simply released from an aircraft model in the
wind tunnel. High-speed photography is used to record the separation and then, using
photo- g techniques, the store trajectory can be determined. While seemingly a very
straightforward approach to predicting store separation, there are several advantages
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and disadvantages that must be considered when designing a Freedrop wind tunnel
test.

The advantage of Freedrop is the lack of modifications required to the wind tunnel
model to accommodate support structures. These modifications can alter store
aerodynamics and the results. Also, because the store does not require a support
structure, Freedrop has been the only method for stores being released from internal
bomb bays. Finally, Freedrop testing allows multiple stores releases to be evaluated
for bomb-to-bomb collisions or interference.

However, the disadvantage to Freedrop testing lies in its costs and limitations with
respect to guided weapons. Since the store is released freely into the wind tunnel, the
store model is usually damaged or destroyed when it hits the wind tunnel floor. While
the model may be repaired for further use, one model is typically used for each drop
for test expediency. Thus the cost of model fabrication may easily reach a sizable
percentage of the total test cost. Similarly, since the tunnel is shut down after each
drop in order to retrieve the model and reload the aircraft model, only one to two
drops can be made per hour. While actual "air on" time is small, tunnel occupancy is
considerably lengthened. In the case of guided weapons, stores with active guidance
or those that are self-propelled, cannot be examined since the small scale of the
models prevent incorporation of guidance or propulsion devices.

CAPTIVE TRAJECTORY SYSTEM
The Captive Trajectory System (CTS) is an iterative method that uses a dual sting
arrangement with the aircraft model on one sting and a second sting supporting the
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store model which can move in all six degrees of freedom; see Figure 8.
Aerodynamic forces and moment s on the store are measured using an internal strain
gauge balance. That data is combined with the store mass property information via a
computer that then predicts the store's next position relative to the aircraft. The store
sting is then commanded into the predicted position in the tunnel and the cycle is
repeated to obtain a complete store trajectory.

The advantage of CTS is the fact that it most closely measures the actual static forces
and moments acting on a store during separation. Because the measured forces and
moments

Store Sting

Aircraft
Model

Figure 8
CTS WIND TUNNEL SETUP
Source: Mr. Dale Chaddock, U.S. Navy
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are entered into the equations of motion, CTS can easily vary aircraft load factors,
ejection force and other parame ters to determine their sensitivity on the separation.
While measuring the precise store trajectory is this method’s strength, it also is its
weakness.

Since CTS predicts the store trajectory at a certain “point in the sky” (i.e. a given
condition of Mach number, airspeed and aircraft load out) the solution is only valid
for those conditions. Since measuring the store trajectory at every flight condition or
aircraft configuration would be economically impractical, assumptions must be made
regarding which configurations are worst case and what portions of the aircraft flight
envelope represent the worst case environment for store separation.

Another

limitation of CTS is the test hardware. The dual sting arrangement has been designed
to terminate the trajectory whenever the store or sting contacts the aircraft. For some
aircraft/store configurations and for stores that exhibit large angular motions, the
trajectories may be terminated too soon.

GRID
The Grid technique is very similar to the CTS method in setup, however Grid
attempts to quantify the flowfield around the aircraft. Here, the store sting is
positioned to preprogrammed positions and attitudes that are expected to encompass
the store separation trajectory for a specific configuration.

The store/balance

combination then measures aerodynamic coefficient data at each point. Then, by
subtracting the store's freestream aerodynamic coefficients from the grid coefficients,
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a set of interference aerodynamic coefficients are calculated as a function of position
and attitude within the aircraft flowfield.

The advantage of the Grid technique is it creates a database of the aircraft flowfield
that may be used in future studies. By knowing the static aerodynamic coefficients,
they can be combined with other stores’ freestream data allowing analysis without
additional wind tunnel work. However, since the actual store effects on the flowfield
are not directly measured as in CTS, grid may not account for any interactions
between the aircraft and the store.

FLOW ANGULARITY
Another method is Flow Angularity, which is very similar to the Grid method. In
Flow Angularity, a Grid survey is conducted around the aircraft model, however the
store model (like those used in CTS or Grid) is replaced with a velocity probe. The
velocity probe measures the velocity components of the aircraft flowfield at various
locations. Local angles of attack can then be determined at the nose and tail of the
store via computer modeling. This information is used with freestream data to
generate the interference coefficients rather than measuring the interference
coefficients directly.

While all these techniques have advantages and disadvantages, there is one common
weakness: the wind tunnel model itself. The high velocities required to explore the
flight envelope of high performance aircraft results in small wind tunnel crosssections that translate into significant model scaling. Typically, most wind tunnel
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models are scaled to 5-6% of full scale, and this small size creates a challenge in
minimizing loss of store detail. Antennae, umbilical fittings, and other protuberances
that are typically found on stores are extremely difficult to model accurately at this
scale. Further, aerodynamic surfaces on these stores are difficult to shape and align.
An interesting problem arises with stores that have deployable control surfaces, such
as with Paveway series Laser Guided Bombs (LGB). Upon release from the aircraft,
LGB’s typically deploy large control surfaces for stability and guidance. As
mentioned earlier, the small scale prevents incorporation of these kinds of deployable
devices in a wind tunnel model.

Additionally, in the CTS and Grid methods, the store model must be modified to fit
the sting balance combination. This fact may result in sting interference particularly
at transonic Mach numbers. Similarly, the size of the sting in relation to the model
may preclude a six-degree of freedom balance installation. With only in four or five
degree of freedom balance being used, useful data will be missed.
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CHAPTER 3: CASE STUDY
With an understanding of the data requirements and data acquisition methods in safe
separation testing, one can now examine the role of the wind tunnel in today’s safe
separation programs. To do this, a case study of three safe separation programs will
be conducted: the GBU-38/B JDAM on the F/A-18 Hornet, which was conducted in
2002; the GBU-24B/B on the F/A-18 Hornet from 1993; and the GBU-24B/B
program on the F/A-18E/F Super Hornet, currently being flown. Each of these
programs will be used to measure the benefits/risk relationship associated with using
the wind tunnel in safe separation testing and whether the wind tunnel was effective
in achieving the goals of each program.

A CASE FOR THE WIND TUNNEL: GBU-38/B JDAM MUNITION
During Operation Desert Storm, Laser Guided Bombs (LGB) had been the primary
tool for planners to use against critical ground targets. However, the weather
conditions encountered severely hampered LGB effectiveness since lasers were
unable to penetrate the cloud cover. Following the war, the United States Air Force
(USAF) and Navy (USN) began a joint program to develop a weapon for accurate
adverse weather strike capability, from which came the Joint Direct Attack Munition
(JDAM). Developed by Boeing, the guidance system was based on the Global
Positioning System (GPS) and was packaged in a tail assembly allowing any
conventional “dumb” bomb to be turned into a precision strike weapon. In addition to
the tail kit, the bomb body was fitted with a “strap-on” strake assembly that increases
lift, allowing JDAM to engage targets at extended ranges. The first version of JDAM
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was installed into the tail fin assembly of a Mk-84 2,000 pound bomb but it has been
adapted to the smaller Mk-83 1,000 pound bomb (Figure 9). The latest variant in
development is the Mk-82 500 pound JDAM shown in Figure 10.4

Development of the Mk-82 JDAM (J82) came as a result of operational success of the
previous variants and the operational requirement for all weather precision in a
smaller warhead. The J82 program was kicked off in September of 2000 with a
completion date 27 months later. While some preliminary work on developing a 500
pound variant of JDAM had been undertaken, it had been only for engineering
concept demonstratio n. To meet this compact schedule of having the J82 fully
integrated on the F/A-18C/D, separation testing needed to be completed prior to the
fall of 2002. In addition to the challenge of developing the compact systems required,
the primary design issue came from the strake assembly. The J82 was unable to
utilize the mid-body strake design like those used in the 1,000 and 2,000 pound
variants to meet physical fit requirements in the USAF’s B-2 Stealth Bomber. Several
designs were proposed which moved the strakes to the nose of the weapon. This
change negated the lessons learned from previous variants and while analysis showed
that fore body strakes would be adequate for the desired performance, Boeing JDAM
engineers elected to verify their feasibility prior to going into flight test. This
feasibility study was completed in June of 2001 with the determination of the final
position and size of the strakes. With a final design for the J82 decided, the safe
separation wind tunnel effort could begin.
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Figure 9
THE JOINT DIRECT ATTACK MUNITION FAMILY
Source: JDAM Program Office Presentation

Figure 10
THE MK-82, GBU-38/B JDAM
Source: Mk-82 Enhanced Guided Test Vehicle Structural Data5
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MK-82 JDAM WIND TUNNEL EFFORT
Early in the program, the JDAM Program Office in concert with AIR 4.0P, the
Navy’s flight clearance authority, decided to conduct separation wind tunnel testing
of the Mk-82 JDAM. The goals of this wind tunnel test were to provide separation
characteristic data for subsequent development of a separation flight test matrix and
to gather data for development of the J82’s autopilot. Because the USN does not have
the capability to conduct weapon separation wind tunnel tests “in- house”, programs
must use outside facilities. For the J82, Veridian’s 8 Foot Transonic Wind Tunnel in
Buffalo, New York was used for a total cost of $828,000. The test included store
freestream, CTS and grid surveys using a 6% scale F/A-18C/D store separation
model. A total of 1,769 freestream, grid and CTS runs were completed in 275- user
occupancy hours that tested 39 different aircraft configurations. On the F/A-18, the
J82 can be carried singly on the SUU-63 parent pylon or dual carried with the BRU55 bomb rack (Figure 11). Thus twelve different carriage positions on the F/A-18
were examined with three different adjacent store combinations as shown in Figure
12. The wind tunnel test was scheduled for July of 2001, however the tests did not
begin until August and were completed in late September 2002. Analysis of the data
was completed in early December.6, 7

WIND TUNNEL PREDICTIONS
From the wind tunnel test period, two primary concerns emerged: the J82’s roll rate
and the miss distance to adjacent stores.
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Parent
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J82

BRU-55

Figure 11
J82/BRU-55 CARRIAGE ARRANGEMENT ON THE F/A-18
Source: Author

Figure 12
PRIMARY WIND TUNNEL TEST CONFIGURATIONS
Source: Author
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As designed, the previous 1,000 and 2,000 pound variants of JDAM did not begin
guided flight until one second after release from the aircraft to ensure that the JDAM
did not guide itself back towards the aircraft. As a result, the JDAM is at the mercy of
the aerodynamic and ejection forces that separate it from the aircraft until the weapon
activation time. If the JDAM develops an excessive rotational rate within the onesecond activation time, it may exceed the rate capture ability of the JDAM’s
autopilot. Because of its low mass properties, the J82 was expected to be more
susceptible to the effects of the aircraft flow field than previous variants. Adding to
this concern was the BRU-55 bomb rack itself. Its design, with the ejector units
canted outboard 5°, results in a rolling moment being imparted to the store at release.
With these concerns in mind, Boeing guidance and control engineers had already
designed the autopilot to activate at 350 milliseconds. But even with this reduced fin
unlock time, the wind tunnel predicted several portions of the flight envelope that
presented a risk for roll rate capture by the J82, an example of which is illustrated in
Figure A-1.

The other area of concern was miss the distance between the separating J82 and the
adjacent geometry of the aircraft or another store. The wind tunnel data proved that
the HARM was the worst-case adjacent store over that of the AMRAAM, however
several other miss distance issues appeared through the desired release envelope as
shown in Figure A-2.
FLIGHT TEST RESULTS
Upon completion of the wind tunnel analysis, the flight test team moved into the testplanning phase to develop a test matrix with the goals of adequately demonstrating
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safe separation and determining if the predicted roll rates did in fact represent a
concern. A seventeen flight test program was developed that would release twentyeight J82 STV’s (an inert JDAM kit with the electronics replaced with mass ballast)
in three different aircraft loads. Test planning and approval was completed in March
2002 with the first release of a J82 taking place on 3 April. Fifteen test flights were
completed with the last flight completed on 16 November 2002.8

Roll Rate
For the J82, the critical roll rate to ensure autopilot rate capture was expected to be
450°/sec and the wind tunnel predicted several regions in the F/A-18 flight envelope
that would exceed that rate such as shown in Figure A-1. Six test points were
specifically designed by the test team to determine if roll rate in those regions was
indeed an issue. Table 4 below shows the results of the test points flown. As can be
seen, none of the roll rates exceeded the 450°/sec predicted by the wind tunnel.
Because the wind tunnel proved to be conservative, test point 124 was not flown
thereby saving the program one flight.

Table 4
FLIGHT TEST ROLL RATE RESULTS
Test Point
123
124
221
224
234
304

Roll Rate (deg/sec)
227
n/a
325
315
159
189
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Table 5
FLIGHT TEST MISS DISTANCE RESULTS
Test Point
231
232
233
301
302
303

Miss Distance
(inches)
10.0
10.0
10.2
10.5
9.0
9.0

Predicted Miss Distance
(inches)
5.0
1.0
3.0
2.0
3.0
5.0

Miss Distance
To ensure safe separation, six test points were designed to specifically look at areas of
the flight envelope where the wind tunnel had predicted less than 6.0 inches of
clearance from the releasing J82 and the adjacent geometry. Table 5 shows the results
of the miss distance test points. As with the roll rate, the wind tunnel provided a more
conservative prediction of the separation characteristics of the J82 than actually
occurred in flight test.

BRU-55 Umbilical Failures
Prior to the first in- flight separation of the J82 from the BRU-55, the primary concern
had been the roll rate and miss distance based on the wind tunnel results as discussed
earlier. However, the challenge to the separation program became the failure of the
BRU-55 umbilicals which are shown in Figure 13. Up to release, updated
navigational information is sent to a JDAM via an umbilical between the BRU-55 and
the JDAM. At release, the umbilical disconnects from the JDAM and stays attached
to the BRU-55 for re- use. At the interface between the JDAM and the umbilical is a
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composite female connector designed to detach from the male connector on the
JDAM. Of the first four releases from the BRU-55, three of the connectors had
damage preventing their further use.

Examination of the onboard film identified the cause of the damage as being the roll
attitude of the J82 at umbilical disconnect. The original design for the umbilical and
its support structure allowed the JDAM to roll such that the connector did not pull
directly upward, but had a side force component. Thus, the male connector on the J82
ripped itself out the side of the female connector. While not impacting the trajectory
of the J82 or its operation, these failures were a significant fleet operational issue. At
a cost of approximately $1,050 per umbilical9 , having the umbilicals be a one time
use item was unacceptable from a cost stand point. This would also create a logistics
issue since this would require the Navy to have one umbilical for every Mk-82 JDAM
in the inventory.
Support
Bracket

Dog Bone
BRU-55

Yoke

Connector

Umbilical
J82

Figure 13
BRU-55 UMBILICAL CONFIGURATION
Source: Author
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The first two BRU-55 releases had taken place on 17 and 23 April, respectively.
However because of the umbilical failures, the next flight did not take place until 7
August. The four- month hiatus was used by the BRU-55 manufacturer to develop a
new umbilical design which would reduce disconnect time and prevent further
umbilical damage. However while solving the connector failures, the new
umbilical/bracket assembly resulted in damage to the “dog bone” link in the bracket.
At disconnect, there was such a high reaction force in the connector, the entire
umbilical recoiled upwards impacting the bracket with such force that the dog bone
link yielded. Another month’s delay was added since improved dog bone links
needed to be manufactured, making the next flight on 4 September. While no serious
damage was noted after the flight, a significant amount of wear had developed on the
bracket after the release when the umbilical was no longer restrained by the
connection to the J82 and could now rub against the bracket. While the umbilical was
fit for re- use, it became a long-term repair concern that needed to be addressed.

As originally planned, the separation program was to begin in January 2002 and be
completed in June of that same year. However due to administrative delays in test
planning and the umbilical problems, the separation program was becoming the
critical path for later integration testing. Full release capability was required in
October 2002 to allow fully guided release testing to begin. Although the umbilical
design was still not firmly resolved the program manager elected to continue the
separation program so as not to impact the October testing. As such, the separation
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program completed the remaining flights with the last flight taking place on 16
November.

IMPACT OF THE WIND TUNNEL
In the case of the J82, there are several reasons why the cost of the wind tunnel in
time and dollars was advantageous to the objectives of the program, such as
measuring the roll rate and miss distance. However there were issues, such as the
umbilical failures, that the wind tunnel was ill equipped to predict.

Roll Issue/Fin Unlock Time
As discussed, the roll rate was of significant concern to the program. Flight test
quickly proved that the wind tunnel had significantly over predicted the roll rate, and
the fears of the autopilot engineers were never realized. In this area, the wind tunnel
proved to be a valuable tool by providing insight into areas of the F/A-18 flight
envelope that the J82 may develop an excessive roll rate, beyond the 450°/sec rate
capture limit of the J82. Without the wind tunnel insight into the roll rate, the
program would have been faced with two choices: (1) conducting an extensive Mach
number survey by releasing J82’s at intervals throughout the flight envelope, or (2)
evaluating the roll rate only where the miss distance test points were conducted. From
Figure A-3, it is clearly evident that a Mach number survey would be extremely cost
prohibitive. At $55,000 a flight, the cost to conduct the survey (over 100 flights)
would have greatly eclipsed the cost of a wind tunnel effort. The second option, only
examining roll rate at safe separation points, would have placed the burden of risk on
later stages of the program. If there had been indeed an issue, it would most likely not
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be found until the J82 had been further in the test and evalua tion process or worse in
operational use in the fleet. Once found, if the issue had required a design change,
such as increasing the size of the control surfaces to provided greater roll countering
authority, it would most likely negate all the previous flight testing done to date.
Certainly the safe separation results would have to be called into question and other
tests such as the noise and vibration environmental tests, which measure the J82’s
sensitivity to the captive carriage environment of the aircraft, would also have been at
risk since the aerodynamic shape of the J82 would have to be changed. For example,
the noise and vibration flight tests for the J82 had been completed in 2001 at a cost of
$331,000. Given the time and effort that would have been required if a redesign were
necessary, the advantage of using the wind tunnel was clearly evident.

Miss Distance and Adjacent Store Geometry
Another benefit to conducting the wind tunnel test was the insight that into potential
areas where the J82 may not have safely separated from the aircraft. As with the roll
rate, the wind tunnel predictions proved to be more conservative than were actually
demonstrated in flight test. Prior to examining the wind tunnel data, the flight test
team examined previous test results of the Mk-82/BSU-33 conical fin separation tests
from the F/A-18. The Mk-82/BSU-33 is very similar to the size and shape of the J82
with the exception of not having the nose strake assembly. These results, combined
with the requirement for safe build up to worst case conditions, allowed the test team
to develop a flight test matrix that would be required if wind tunnel data were not
available. This matrix required twenty-seven flights8 . With the wind tunnel data
however, this matrix was reduced to seventeen flights, of which fifteen were actually
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flown. Additionally, the seventeen flights only consisted of six flights where miss
distance was a concern. The remaining flights had been for roll rate evaluation and
for wind tunnel model verification. As flown, the separation flight test program cost
approximately $980,000. However, if the full twenty-seven flights had been flown,
the cost would have been effectively doubled.

For the adjacent store geometry, the wind tunnel was beneficial by giving the test
team the insight that the HARM missile was the worse case adjacent store instead of
the AMRAAM. The advantage here is obvious. Instead of adding additional flights to
the program to examine separation characteristics adjacent to both missiles, only the
worst case HARM was tested, which will allow the J82 to be released adjacent to
either one during fleet operations. Had the wind tunnel not conducted an adjacent
store evaluation, at least another three flights would have been required to clear the
J82 adjacent to the AMRAAM missile.

Umbilicals
What proved to be the biggest problem for the J82 was the BRU-55 umbilical failures
and the wind tunnel results was of little help in identifying this problem. While the
goal of the wind tunnel effort was to support safe separation and the development of
the autopilot and not to prove the design of the umbilicals (the small scale of the wind
tunnel model prevents accurate modeling of a one- inch diameter, flexible umbilical),
it does bring to light a risk with using only the wind tunnel. A minimum of twentyseven flights would have been required to flight test the J82 if the wind tunnel had not
been used and this number was reduced to seventeen flights through use of the wind
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tunnel. But with this reduced number of flights, the risk became whether there were
enough flights budgeted to effectively evaluate the other important parts of weapons
integration, such as arming wire functionality and umbilical disconnect. In the case of
the J82, the fifteen flights actually flown were not enough because of the BRU-55
umbilical failures.

Of the seventeen release test points, thirteen of them were from the BRU-55. Four test
points were completed before the umbilical was redesigned to prevent further failures
of the connector. While fixing the breakage problem with a new bracket design, a
long-term wear problem was created. To complicate the issue, there was a
requirement for the umbilical to be compatible with the AGM-154 JSOW (the new
dog bone was not long enough to reach the JSOW’s male connector). Consequently,
another design change was required. Because the program could not wait for another
redesign, the test matrix was completed with the knowledge that the umbilical design
was unsatisfactory. While the J82 and the BRU-55 were able to continue testing with
the flawed design, it was not acceptable for operational use, nor was the BRU-55
compatible with the JSOW, which was a technical specification requirement. The
program will be forced to conduct additional J82 releases once the final design of the
umbilical is available. At this time, ten additional flights are being planned to only
test the umbilical design at cost of approximately $400,000 to the program. These
additional flights were neither scheduled nor budgeted but must be completed to
ensure the fleet gets a system that is suitable for operational use.
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A CASE AGAINST THE WIND TUNNEL: THE GBU-24B/B
In this case, the separation program of the GBU-24B/B Low Level Laser Guided
Bomb from the F/A-18A/B/C/D Hornet and the newer F/A-18E/F Super Hornet will
be compared to show how the wind tunnel can be a negative aspect for a program.
The integration program on the Hornet had been completed in 1993 without wind
tunnel predictions, while the recent Super Hornet program used the wind tunnel.
Because of the differences in the wing station configuration between the two aircraft,
only the results of the GBU-24B/B off the midboard pylon will be compared. For a
more detailed look at the differences between the two aircraft, refer to Appendix B.

THE GBU-24B/B LOW LEVEL LASER GUIDED BOMB
The GBU-24B/B Paveway III is a 2,400 pound Laser Guided Bomb (LGB) designed
for precision strike against hardened targets. Additional capability has been
incorporated over previous LGB variants in that the GBU-24 can be released from
aircraft at low altitudes. The GBU-24 is made up of three primary sections: the nose
mounted WGU-39 Guidance and Control Unit (GCU); the BLU-109A/B penetrator
warhead and the tail mounted BSU-84 airfoil section (Figure 14). The GCU consists
of the laser seeker and
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Figure 14
GBU-24B/B LOW LEVEL LASER GUIDED BOMB
Source: Airborne Stores/Weapons Loading Manual

guidance computer which tracks laser energy reflected from a target. Flight path
corrections are made via four canards. The four wings on the aft end of the store
provide stability and are deployed immediately after release from the aircraft.
Additional rotational stability is derived from the spin imparted by the wings. 10

GBU-24B/B - F/A-18E/F SUPER HORNET INTEGRATION EFFORT
The F/A-18E/F Super Hornet is the Navy’s newest strike-fighter and was developed
to improve the original F/A-18A/B/C/D aircraft. The Super Hornet added a larger fuel
capacity, two additional weapon stations and improvements in avionics in an airframe
approximately 25% larger than its older brother. While the knowledge gained from
almost 20 years of experience with the “Heritage Edition” of the F/A-18 was
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significant, the airframe changes required a stand-alone stores certification program
for the F/A-18E/F. Even though the initial test and evaluation program of the Super
Hornet provided significant weapons capability to the aircraft, several additional
weapons were required to allow the F/A-18E/F to perform its role as part of the
Carrier Air Wing. One of these weapons was the GBU-24B/B. The primary goal of
the program was to provide a capability to the Super Hornet, with a secondary goal to
provide the capability prior to second deployment of the aircraft scheduled for March
2003.

Wind Tunnel Predictions
The weapons separation wind tunnel testing for the GBU-24B/B was conducted as
part of a larger stores certification effort that began in September 2000 and was
completed in November that same year. For the GBU-24B/B, the 16 Foot Wind
Tunnel at Arnold Engineering Development Center (AEDC) was used to gather store
freestream, CTS and Grid surveys using a 6% scale F/A-18E/F store separation model
as shown in Figure 15. Thirty hours of CTS and Grid data was gathered as well as
fifteen hours of freestream exclusively for the GBU-24B/B on the midboard station.
Because the GBU-24B/B uses a counter-clockwise roll rate for stability the only
concern for the test engineers was the miss distance to adjacent stores. Experience
had shown that the worst-case adjacent stores would be with a 480-Gal. EFT inboard
and an AGM-88 HARM on the outboard station as in Figure 16.11, 12
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Figure 15
SUPER HORNET WIND TUNNEL MODEL
Source: Mr. Dale Chaddock, U.S. Navy

Figure 16
SUPER HORNET GBU-24B/B LOAD OUT
Source: Author
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Test Matrix
Unfortunately at the time of this writing the GBU-24B/B flight test program was not
yet underway so a comparison between the predicted wind tunnel results and the
actual results of flight test cannot be conducted. However, what can be examined is
the test matrix. At this time, the GBU-24B/B program plans to conduct twelve
releases of the GBU-24B/B from the midboard station as shown in Appendix C. Like
the J82 that used the previous inexperience of dropping Mk-82 conical fins, the GBU24B/B test matrix was first developed from the previous separation work done with
the GBU-10, a 2,000 pound LGB similar to the GBU-24B/B. A preliminary twentyfour flight test matrix (separating twenty- four stores) was developed as a baseline,
with wind tunnel data then input to determine areas of the envelope with miss
distance concerns and reduce the matrix accordingly.

The end result was the

aforementioned twelve flight matrix. Using the estimate of $55,000 a flight, the safe
separation flight test program will cost approximately $660,000.13

GBU-24 F/A-18A/B/C/D HORNET SEPARATION PROGRAM
The GBU-24B/B was first integrated on the A-6E Intruder aircraft and the F/A18A/B/C/D following Operation Desert Storm in 1993. Wind tunnel testing was not
used to develop the test matrix due to funding and time constraints. Therefore, the
safe separation engineers relied on experience and engineering to develop the test
matrix. In this case, the matrix used a build up as a function of three variables:
dynamic pressure, Mach number and normal acceleration. As scientific method
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demands, these variables are changed one at a time to provide understanding of the
impact of each variable on the safe separation equation. 14, 15

A Build Up Approach
In this approach, dynamic pressure is first built up by increasing airspeed while
keeping altitude constant. The first separation is typically conducted at a relatively
low airspeed (300-400 KCAS) and subsequently increased in 25-50 KCAS
increments. These small increments allow engineers to carefully develop trends in the
separation characteristics of the store before proceeding into the more dynamic
transonic region. If these trends suggest the store will eventually “hit” the aircraft,
testing can be halted prior to the 6.0” clearance limit or as necessary.

The build up in Mach number tracks similarly to the dynamic pressure since Mach
number builds up as the airspeed is increased. However, the critical aspect of a Mach
number build up is the transonic region (0.90-1.00) where the flow underneath the
wing may or may not be supersonic. Additionally, the tunneling effect between the
store and the adjacent geometry (either the fuselage or adjacent stores) also creates
pockets of supersonic flow and additional shockwaves. This creates a highly dynamic
environment with the strengths of each of the shockwaves being unknown. Since the
overall effects of the shockwaves are unknown, a build up in Mach number is
conducted by increasing altitude at constant airspeed. A consequence of this
technique is dynamic pressure is reduced; however its effects have already been
quantified in the dynamic pressure build up.
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The last variable is gravity or Nz as shown in Figure 1. Since, a lower Nz will reduce
the separation velocity between the aircraft and the store, it is decreased by increasing
dive angle. Typically, the dive angle is increased to 45° (0.71g) and then to 60°
(0.5g), depending on the desired release envelope (JDAM is only tested to 45° while
general purpose bombs are tested to 60°).

An additional factor unique to the GBU-24B/B is its counterclockwise spin for
stabilization. Depending on which side of the aircraft the store is released from (on
the right side of the aircraft the GBU-24B/B will rotate towards the fuselage with the
opposite being true on the left side) the miss distance to the aircraft may be
significantly different. If this is the case, it could result in a significant operational
limit if the F/A-18 is only able to carry one GBU-24B/B and always from the same
side of the aircraft. This concern added one additional release from the right side
adjacent to the fuel tank to ensure the miss distance was satisfactory from both sides
of the aircraft.

Using this overall build up technique, the test matrix to clear the GBU-24B/B on the
F/A-18A/B/C/D, required seventeen GBU-24’s be released during eleven flights
(Appendix D). Stores were released from the outboard station adjacent to a 330 gal
fuel tank and an empty station. The separation test program including test planning
began in February 1993 and was completed in May of that same year. Using current
flight test costs, the flight test program cost approximately, $605,000 to complete.
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COMPARISON AND ANALYSIS
Today’s programs are measured in three ways: cost, schedule and performance and
often in that order. In the case of the GBU-24B/B, the success of the original Hornet
program brings to light several points which suggest the wind tunnel was more of a
burden to the Super Hornet program than a cornerstone to a safe separation program
.
Cost
Because the GBU-24 wind tunnel work was only a part of a larger wind tunnel
program, costs can only be estimated based on the known level of effort. For the
midboard station, a total of 53 (15 freestream and 38 CTS/grid survey) wind tunnel
hours were required to gather the necessary data.

For planning purposes,

NAVAIRSYSCOM wind tunnel engineers use $10,000 per hour when using the
AEDC 16-foot tunnel, which includes set-up and operating costs12 . Using this figure,
the approximate cost of the midboard GBU-24 wind tunnel program was $530,000.
As discussed earlier, this data led to development of a test matrix requiring twelve
separations. The Heritage Hornet program, with no wind tunnel input conducted
seventeen releases out to a dive angle of 60°, which at this time the Super Hornet will
not explore. Had the Super Hornet program elected to conduct its separation program
based on the history of the GBU-24B/B on the Heritage Hornet and used the same
separation matrix, it would have cost approximately $935,000 to complete. With the
wind tunnel cost and the cost of the twelve flight tests, the Super Hornet program can
expect to cost approximately $1.19 million.

46

Schedule
The Super Hornet effort began wind tunnel testing in September 2000, which was
completed in November of that same year. The results from the wind tunnel were not
published until June 2001. Because of funding delays and the requirement to conduct
aircraft structural loads and flying qualities assessments, the first separation did not
take place until late December 2002. Currently, due to operational time constraints,
the test team is only testing a limited capability test matrix on the Super Hornet’s
inboard station, requiring eight flights to complete. While testing on the inboard
station was not included in this discussion, the important point to make is the current
schedule. This schedule will require the flights to be completed in just over two
months time, requiring the test team to fly, at a minimum, one flight per week. While
60 days seems like a great deal of time, in flight test, it is actually very short. Any
delays related to weather, aircraft availability or any additional testing will eat up the
flying week quickly. At least two days of analysis will be required after each
separation to ensure that the GBU-24 is matching the wind tunnel predictions before
the next test point can be flown. For example, if the first flight occurred on a Monday
the next flight could not occur until Thursday with the following flight not taking
place until Monday only if the test team works through the weekend. Due to the
additional cost of overtime the program incurs even more cost. This example does not
mention weather or aircraft maintenance issues which will also cause missed flight
opportunities. If the Super Hornet had not used the wind tunnel, the loads and flying
qualities flight test program could have begun much earlier and the separation
program could have been flying in the summer of 2002.13
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On the other hand, the Heritage Hornet effort proved to be much more responsive
using the build-up approach instead of the wind tunnel. The program began in
February, started separation flight testing at the end of April, and was complete four
weeks later.

Performance
Because the results of the GBU-24B/B program are not yet known, the only
comparison that can be made is with respect to the test matrix limits. The expected
release envelope for the GBU-24 on the Super Hornet will include up to 45° dives.
For the Super Hornet, the wind tunnel predicted unfavorable separation
characteristics at dive angles above 45° dives. Thus, the twelve store release test
matrix stops at this dive angle. The Heritage Hornet program conducted releases out
to 60° dives using seventeen stores. If the wind tunnel predictions are conservative, it
may be possible to expand the envelope of the GBU-24 beyond what was predicted,
but only at an additional cost to the program.
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CHAPTER 4: CONCLUSIONS
In the discussion of three different test programs, there are aspects of each that can be
compared and contrasted to provide further insight into how much of an impact the
wind tunnel can have.

WIND TUNNEL MODEL VALIDATION
As discussed, the wind tunnel work done for the J82 program proved to be valuable.
Its predictions for miss distance proved to be more conservative than the actual flight
test demonstrated. Without the wind tunnel, a twenty-seven flight program would
have been required to clear the J82, which in actuality was able to be completed in
fifteen flights. However in this test approach, the wind tunnel model must always be
validated before trust and confidence can be placed in it. Otherwise, the fleet will be
at risk of finding safe separation concerns that were not identified by the test
community because of their assumptions. Figure 17 compares the predicted miss
distance to the actual miss distance measured during flight test for one aircraft
configuration for the J82. What is clearly evident is the wind tunnel predicted miss
distance proved to be closer to the aircraft than was actually measured during flight
test. Perhaps more importantly, the trends in the curves are similar except for the
point at 530 KCAS, which had almost six inches greater miss distance than predicted.
While certainly representing a significant difference from the wind tunnel predictions,
this variation is not atypical. Neglecting that point, the flight test results follow the
trend of decreasing miss distance until approximately 550 KCAS, after which miss
distance begins to increase again.
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Figure 17
PREDICTED VS FLIGHT TEST MISS DISTANCE FOR J82
Source: Author

From a separation engineer’s perspective, this provides a great deal of confidence to
the assumption that the wind tunnel predictions are correct and at flight conditions
between test points will follow the wind tunnel trends as well. However, this also
begs the question of how many points are required to verify the wind tunnel model
sufficiently? Because of the large flight envelopes of modern aircraft, subsonic to
supersonic, the separation characteristics can vary significantly depending on where
the aircraft is in the envelope. The single example above begins at 0.74 and continues
to 1.05 Mach number at 10,000ft MSL, which covers the critical transonic region.
Flight test data was gathered at the Mach numbers of 0.75, 0.90, 0.97 and 1.1. This
provided points above, below and in the transonic region. How large of a step in
flight conditions is one willing to make before the risk of missing a sharp negative
trend become excessive?
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Because safety is paramount, a build up approach will always be required for
separation testing. With this in mind, the first test point will always be a “safe” low
airspeed point, to get the first point on the curve. For supersonic aircraft, another
point will most likely fall at the edge of the transonic region at approximately 0.90
Mach number to give the second point on the curve. Depending on how critical wind
tunnel data suggests the separation characteristics ma y be in the transonic region, a
minimum of one test point will be required in this area due to its dynamic nature. A
final point in the supersonic region is used to verify the curve begins an increasing
trend in miss distance. With this approach, at a minimum, a program utilizing the
wind tunnel will always have four flights to verify that the wind tunnel model is
adequate. The J82 program had a great deal of background information from which to
draw its flight test matrix. The years of experience separating stores from the Heritage
Hornet and the previous separation results from the very similar Mk-82/BSU-33
weapon only added to the confidence that large steps in the flight envelope could be
taken with low risk. However, in the case of a new aircraft or a different weapon
shape, the additional confidence that comes from experience will not be there and one
must err on the side of safety, resulting in more flight test points.

WHAT DO YOU DO WHEN IT DOESN’T WORK?
In contrast to the discussion above, what does the separation engineer do when the
flight test results do not match the predictions? While the J82 wind tunnel effort can
be lauded as a success, the wind tunnel did not predict the miss distance to within the
± 1-inch accuracy of photogrammetrics nor did it accurately model the J82 roll rate.
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In this case both proved to be better than predicted, however to develop confidence in
the wind tunnel model, the differences must be explained.16

For the miss distance, analysis of the ejector force data quickly showed the
difference. Prior to the first separation flight test of the J82, the wind tunnel used the
ejector force model shown below in Figure 18. This model not only included the
force imparted to the store from the ejector rack, but also included the wing flex
reaction at ejection as well. Using this model, a 500 pound weapon, like the J82,
would receive approximately 6,000 pound peak ejector force. However, 6DoF data
from the J82 separations indicated a much higher ejection force was being imparted

Peak Total Ejector Force (lbs)

to the store as shown in Figure 19.
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EJECTOR FORCE V. STO RE WEIGHT
Source: Utilizing Flight Test Telemetry Data to Improve Store Trajectory Simulations
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MEASURED EJECTOR FORCE
Source: Utilizing Flight Test Telemetry Data to Improve Store Trajectory Simulations

Using the actual peak ejector force of approximately 10,000 pounds, the predictions
of vertical displacement of the J82 were updated and matched the photo- g measured
displacement as shown in Figure 20.

Similarly, the roll rate was also over predicted by the wind tunnel. However, a known
limitation of the wind tunnel is its inability to predict roll. This is due to the scaling of
the wind tunnel model with respect to the lateral center of gravity (c.g.) position. In
actual weapons, the lateral (y-axis) c.g. position is often slightly offset from the true
centerline
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UPDATED VERTICAL DISPLACEMENT PREDICTIONS
Source: Utilizing Flight Test Telemetry Data to Improve Store Trajectory Simulations

of the store. Since the ejector rack will direct the ejection force through the store’s
vertical (z-axis), any left or right variation with the store’s c.g. position will result in a
rolling moment. The small scales of the store wind tunnel prevent any evaluation of
lateral c.g. position variance. Thus, roll is often under or over predicted by the wind
tunnel and while trends with roll can certainly be examined, detailed analysis of store
roll only from the wind tunnel is extremely risky.

While the low ejector force model was found to be the cause for the difference in the
wind tunnel predictions from that observed in flight test, what must be brought out is
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the fact that this error could not be found witho ut having the “answer” available. That
is, the model could be checked against the flight test data and differences with their
potential causes could be identified. Verification of the updated model could not be
accomplished until yet another separation point was completed. If the model still did
not match, the cycle must begin again. However, in a wind tunnel based separation
program, the small number of flights will prevent the benefit of any corrections or
updates until the end of a program. In the case of the over-predicted roll rate, several
points in the test matrix may have been deleted or reduced had the wind tunnel
provided a more robust model of the separation. If the roll rate had been as high as
predicted, the implications on the J82 program would be significant still making the
wind tunnel a valuable endeavor for the J82 program. However, for the separation
engineer, this limitation in the wind tunnel’s ability to predict roll must always be
considered.

ARMING WIRE/UMBILICAL FUNCTION
As discussed earlier, the primary concern of the J82 program became the BRU-55
umbilical failures instead of the miss distance and roll rate as expected beforehand.
While the wind tunnel was not designed to test arming wire function or umbilical
separation, this critical part of weapons integration is often overlooked in program
planning. While the wind tunnel can reduce flights, separation engineers need to
ensure that new arming wire/umbilical configurations are fully evaluated prior to their
operational use. The reduction of a test matrix to the minimum requirement in order
to demonstrate safe separation is often in direct conflict with the number of flights
often required to verify arming wire/umbilical function.
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REDUCED RISK
Flight test by its nature will always be a risky business. In this light, the wind tunnel
has proven valuable as a risk reduction tool. While previous discussions have shown
the limitations and inaccuracy of some wind tunnel predictions, the insight that the
wind tunnel provides with respect to the stability and behavior of the store in the
aircraft flowfield significantly reduces risk to the aircrew and the test aircraft. There
are numerous examples in the annals of the AVSC Library of separation tests that
have resulted in serious damage or loss of the test aircraft as a result of stores
impacting the aircraft. With the foreknowledge provided by the wind tunnel,
separation test engineers can develop flight test matrices that are aggressive and
maximize engineering data yet minimize risk to aircraft and aircrew.

TIME
One of the largest disadvantages to the wind tunnel is the test time involved. For the
J82, the wind tunnel test period began in August 2001 and was completed in late
September. Data reduction and analysis of the data was not finalized until December
of that same year. The test planning process was completed in March 2002 with the
first flight taking place the following month. Time from wind tunnel to first flight was
approximately eight months. Subtracting the periods that the J82 was not conducting
testing due to umbilical redesign, J82 averaged one flight per week. Had the delays
not occurred, the program would have been completed in July 2002. However if the
program had elected not to use the wind tunnel, the twenty-seven flight program
could have begun in October 2001. Using the same fly rate of one flight per week, it
would have been completed in April 2002 - the same date that the flight test actually
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begun. While this does not account for the delays encountered due to the BRU-55
umbilical failures, the longer flight test matrix would have allowed more time to test
new umbilical designs.

The time crunch of the GBU-24B/B on the Super Hornet, the time crunch has already
been discussed since the Super Hornet desires a GBU-24B/B capability by March of
2003. Separation flight test has only just begun in December 2002. With eight flights
required for a limited capability and averaging one flight a week, the testing should
just make this schedule if there are no delays. However witho ut the necessity to
compare the wind tunnel data after each separation, the time between flights can be
dramatically reduced. The Heritage Hornet program, without the wind tunnel and
using a build up approach, was able to complete eleven flights in less than one
month’s time with an average fly rate of 2.8 flights per week. In this method of test,
the only data requirement is to review onboard film between each flight for a
qualitative evaluation of miss distance and stability. Separation flights can thus be
flown on following days or even on the same day if time allows. Even if a more
detailed analysis may be required if the separation is questionable, photo-g analysis
can generally be turned around within two days. In situations where limited time
exists, the build-up approach, while more expensive due to the additional flights
required, can be more responsive in providing separation data.

COST
The other large disadvantage to the wind tunnel is the cost involved. The J82 wind
tunnel effort cost $828,000 and combined with the flight test costs ($980,000), the
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total safe separation program was approximately $1.8 million. Additionally, due to
the BRU-55 umbilical failures, the J82 program will be spending an additional
$400,000 for additional flight test. Had the program elected not to use the wind tunnel
and had flown the twenty-seven flights that had been planned without using the wind
tunnel, the program would have expected to cost approximately $1.49 million. While
the program would have saved slightly over $600,000, the risk that the program
would have incurred would have been too great. Had the roll rate been too high for
the J82 to handle during separation, the J82 would have spend even more money in
redesign and the repeated developmental flight test program. Thus the additional
$600,000 spent on the J82 was an acceptable trade-off. However for the midboard
GBU-24B/B, the approximate cost of the safe separation program with the wind
tunnel will be $1.19 million, of which $530,000 is wind tunnel costs. Because the
GBU-24B/B is an existing fleet weapon and the design is frozen, wind tunnel tests
results would not feedback into the design of the weapon. If the wind tunnel had
shown completely unacceptable separation characteristics through the separation
envelope of the Super Hornet, two options would have been available: (1) the weapon
would be modified and the process would begin again, or (2) another weapon would
be required to meet the requirement, which would begin the entire process again as
well. Wit h these constraints, the GBU-24B/B could have accepted a larger flight test
program of twenty- four flights at a cost of $1.32 million and not had the additional
time constraint added by the wind tunnel.
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CHAPTER 5: RECOMMENDATIONS
From the conclusions presented, recommendations for safe separation engineers as
well as for program managers can be made in how effective the wind tunnel can be in
safe separation projects.

FOR THE SEPARATION ENGINEER
1. The wind tunnel can provide insight into the separatio n characteristics of stores,
which reduces risk to aircrew and aircraft. However, it has limitations such as the
prediction of store roll rate, which needs to be evaluated with respect to the impact
those limitations may have on the overall program.

2. Separation flight test matrices must be structured so as to generate confidence in
the wind tunnel model prior to entering any critical separation regions. Otherwise the
advantages of the wind tunnel (reduced risk to aircraft and aircrew) may be negated
should the wind tunnel prove incorrect.

3. Regardless of how favorable wind tunnel predictions may be, separation engineers
must ensure adequate opportunities exist in the separation flight test program to verify
arming wire or umbilical functionality within the constraints of statistical confidence.
While safe separation may be demonstrated, the methods of weapon arming may be
placed at risk of failure in combat.
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FOR THE PROGRAM MANAGER
1. When operational requirements dictate a short integration schedule, program
managers should research both the wind tunnel and build up test approaches to
determine which will provide the quickest turnaround. In some situations, the build
up approach, while having higher upfront costs, may be best suited to meet the
desired schedule.

2. Program managers must be conscious of the integration concerns beyond those of
safe separation such as arming wire and umbilical functionality, which are critical for
successful function of weapons and balance the desire to reduce flight test costs with
the separation engineers desire for statistical confidence.

FINAL POINT
With these points in the mind’s of both separation engineers and program managers,
the store separation test and evaluation community can provide cost effective
weapons capability to the fleet better, faster and cheaper.
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APPENDIX B
F/A-18 AIRCRAFT COMPARISION
The F/A-18E/F Super Hornet (Figure B-1) was designed to improve on the capabilities of
the F/A-18A/B/C/D Hornet (Figure B-2), such as increased range, greater weapons
carriage capacity and increased shipboard landing weight. As a result, the Super Hornet is
similar in appearance to the “Heritage” Hornet, but with larger overall dimensions,
including a longer fuselage (approximately four feet longer), 25% larger wing (four feet
greater than the F/A-18C/D), 34% larger leading edge extension (LEX), 36% larger
horizontal stabilator, and 15% larger vertical tail. These changes have allowed an
increase in fuel capacity and the addition of 2 wing stations (one per wing) in addition to
the wingtip missile station. Combined with three weapons stations on the fuselage
(shoulders and centerline) the Super Hornet has a total of 11 weapons stations. The
aircraft is powered by two General Electric F414 afterburning turbofan engines, each
designed to provide approximately 22,000 pounds of thrust at MAX power (static thrust
ratings based on sea- level standard atmosphere). The avionics suite maintains 90%
commonality with the existing avionics in C/D models. 17

From a safe separation perspective the two most significant changes are the toed pylons
and the intakes. All SUU-79 and SUU-80 wing pylons are oriented 4 degrees outboard
(rotated about the forward pylon attach post) with the outboard most stations being
canted outboard 3.5° as well. Also, intakes of the E/F are of a caret design instead of the
half- moon shape of the Heritage Hornet aircraft, which alters the flow between the
inboard wing station and the aircraft fuselage.
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Figure B-1
F/A-18E/F SUPER HORNET
Source: NATOPS Flight Manual
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Height . . . . . . . . . . . . . . 4.7 m (15.3 ft)
Length . . . . . . . . . . . . . 17.1 m (56.0 ft)
Span . . . . . . . . . . . . . . 12.3 m (40.4 ft)
Weight Empty . . . . . . . 10,680 kg (23,546 lb)
Fighter TOGW . . . . . . . 16,764 kg (36,958 lb)
Maximum TOGW . . . . 23,541 kg (51,900 lb)
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Figure B-2
F/A-18A/B/C/D HORNET
Source: MK-82 JDAM Separation/Jettison Characteristics Report
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APPENDIX C
F/A-18E/F GBU-24 SEP ARATION TEST MATRIX
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APPENDIX D
F/A-18A/B/C/D GBU-24 SEPARATION TEST MATRIX
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